The adhesive strength between a coating and a substrate is an important factor that characterizes the quality of thermally sprayed Hydroxyapatite (HA) coatings such as those for biomedical applications. In this study adhesive strength was evaluated by the LAser Shock Adhesion Test (LASAT) technique. LASAT was developed to be suitable for determining the coating-substrate adhesion. This study deals with hydroxyapatite coatings on Ti-based alloy substrate produced by atmospheric plasma spraying. In order to discuss the influence of the spray condition on adhesive strength, different types of specimens, i.e. from various powder feed rate spraying and different surface roughness, were LASATested. The results showed that the adhesive strength decreases with increasing number of impinging particles on a given area of surface in unit time. Furthermore, the adhesive strength tendency of low-roughness substrate specimens showed scatter. This tendency depends on the surface profile i.e. skewness value. Consequently, not only the height direction roughness parameter but also the wavelength of roughness, roughness morphological parameter and powder feed rate are important factors for the adhesion of the thermally sprayed HA coatings.
Introduction
Hydroxyapatite (HA) [Ca 10 (PO 4 ) 6 (OH) 2 ] is a calcium phosphate. It has excellent biocompatibility. 1, 2) Therefore, HA coatings, which are produced by atmospheric plasma spraying (APS) on Ti-based alloy substrates, are widely used for biomedical applications, such as artificial bone and dental devices. [3] [4] [5] [6] The adhesive strength between a coating and a substrate is one of the most important factors of ceramic-coated components, because it greatly influences the performance and lifetime of the components. Therefore, it is necessary to develop an evaluation technique for the adhesive strength. Conventional adhesion tests, such as pull-off test (i.e. ASTM D4541, ASTM C633), bending test (i.e. ASTM D4145) require special specimen geometry and much time to perform the testing i.e. sample preparation, gluing procedure and tensile testing. Moreover, these techniques are not suitable for high-level adhesive strength, i.e. the measurement limit is the adhesive strength of the glue. 7) The LASAT (LAser Shock Adhesion Test) using a shock wave, which is induced by a laser, can overcome these limitations. The test is based on the spallation technique, which allows generation of normal tensile stresses at the interface between the coating and the substrate. 8, 9) This study deals with HA coatings on Ti-based alloy substrates produced by APS. The specimens were prepared using three different spraying conditions and two grit-blast conditions for the substrate surfaces. The adhesive strength of these specimens was evaluated by LASAT in this study. Using the LASAT results, the influence of spray and gritblast conditions on the adhesive strength was discussed.
LAser Shock Adhesion Test (LASAT)

Principle of the LASAT
The LASAT was used as an evaluation test for the adhesive strength. The principle of the LASAT is shown in Fig. 1 . A laser pulse with a short duration and a high energy density was shot at the substrate. A shock wave propagated all along the substrate and the coating thickness, right at the impact location. This shock wave also generated a dynamic pressure load with a tensile stress at the interface that could induce coating de-bonding or spallation.
An optimal pressure load was obtained when tensile pressures both from the front part of the reflecting shock wave and also from the rear part of the incident wave interacted right at the interface. The optimal condition should be adjusted using various pulse durations preliminary testing (i.e. a thick coating requires a longer pulse duration than a thinner one).
The LASAT procedures
LASAT is operated according to the following three steps. (1) Applying various laser shock intensities (fluxes) to the substrate (i.e. the back of the specimen). (2) Checking the presence or absence of de-bonding by visual observation. (3) Determining the LASAT de-bonding threshold, which was defined as the highest laser flux measured with no de-bonding. Further details of the overall procedure can be found in a previous study. 10) 3. Experimental Procedures
Powder
A HA powder, which was produced by Tomita Pharmaceutical Co. Ltd, was used. Fine particles can melt easily during thermal spraying due to their larger surface area and lower thermal heat capacity. Improvements in spray efficiency and adhesive strength between the coating and the substrate can be expected if fine particles are used. However, fine particles are difficult to feed using a conventional powder feeder. Hence, the HA powder was milled with a high-energy ball milling system before thermal spraying. The milled HA powder consists of agglomerated sub-micron-scale fine particles and the agglomerated fine particles are easy to carry using conventional powder feed systems. Figure 2 shows the appearance of as-received and post-milling HA powders. The mean diameters were measured using ALPAGA 500 NANO (Occhio S.A.) particle measurement apparatus. The diameters of milled agglomerated HA and as-received powder were found to be approximately 22 mm and 30 mm, respectively.
Plasma spraying
Ti-based alloys, Ti-6Al-4V, were used as substrate materials. The specimen size was 20 Â 50 Â 2:5 mm 3 . Before spraying, the specimen surfaces were grit blasted with two different size alumina grits (300 mm and 60 mm). The roughness parameters of the blasted substrates were measured using a roughness meter (Hommel Tester T500). The grit blast conditions and the substrate roughness are shown in Table 1 . Plasma spraying using three powder feed rates was used for both blasted substrates (Table 2) . Therefore, in total six kinds of specimens were made (Table 3 ).
LASAT
In this study, in order to measure the adhesive strength of HA coatings, a 3.0 mm-diameter spot size laser was generated to promote an average response of the interface. With this configuration, the measured maximum laser energy density and pulse duration were respectively 1.8 GW/cm 2 and 10 nano second. In confined water the loading pressure range was suitable to cause coating delamination. The laser shock parameters are shown in Table 4 . Powder feed rate (g/min) 13 9.2 1.7
Plasma gun SULZER METCO F4
Plasma intensity 500 A Gases Ar/N 2 Table 3 List of samples and measured mean thickness of coatings.
2 3
High roughness H-1 (120 mm)
Hardness test
The hardness of the as-sprayed coatings was measured using a FISCHERSCOPE HM2000 type (HELMUT FISCH-ER GmbH + Co.KG) micro hardness testing system. The measurements were made in a direction perpendicular to the coating cross-section. Additionally, measurement positions are located adjacent to the coating-substrate interface. The Berkovich indenter was a triangular pyramid-shaped diamond with an edge angle of ¼ 115
. The maximum load was 50 mN and the load was held at this maximum value for 10 sec. The Young's modulus of the coatings was estimated using the load penetration depth curve obtained from the indentation profile. Figure 3 shows a LASATested specimen (Specimen No. L-3). This specimen has been shot in 17 impacts at different laser fluxes. The LASAT needs only a few minutes to test one specimen. Such simple and fast diagnostics has been confirmed by inspection of the cross-sections of several coatings. The LASAT, in so far as it is a quick and easy adhesion test, is a powerful tool for the determination of spraying conditions and for quality control in an industrial coating production. Figure 4 shows cross-sectional scanning electron microscope images of as-sprayed and LASATested HA coatings. The as-sprayed coating adhered tenaciously to the Ti-6Al-4V substrate, while the LASATested coating was delaminated perfectly in the interface between substrate and coating. Simple tensile-mode fracture occurred at the center of the LASAT spot region. In addition, since de-bonding occurred out-side the LASAT spot, it is considered that the shock wave propagated radially out from the center. Figure 5 shows the influence of laser density for the LASATesting of the HA coating specimen (Specimen No. L-3). The LASAT adhesion threshold was defined as the highest laser flux measured with no de-bonding. Hence the adhesion threshold of this specimen is 0.45 GW/cm 2 .
Results and Discussion
LASAT
4.2 Influence of mechanical properties of as-sprayed HA coatings Three specimens with different spray conditions were tested. From the results, it is considered that the mechanical properties of the coatings were different. Therefore, micro Vickers hardness tests were carried out to determine the influence of the mechanical properties of the coatings. Figures 6 and 7 show the results of micro indentation tests. From Fig. 6 , it is clear that the Vickers hardness of the coatings decreases as the powder feed rate decreases. From  Fig. 7 , however, the Young's modulus, obtained by micro indentation tests, of the coatings shows no change with spray conditions. In micro indentation tests, hardness was measured by indentation depth. In the case of the porous materials, the pore was collapsed during indentation, hence indention depth was increased than that of same local hardness and dense material. However, the Young's modulus depends on the total volume of deformation. Therefore, Young's modulus dose not depends on the density. From these indentation results, the changes in macroscopic hardness value depend on the coating density, a higher value indicating a higher density. The Young's modulus depends on the microscopic hardness, which is equal to the individual spray hardness; therefore, higher spraying rate conditions give higher density. Thus, these changes are due to the difference in cooling rate in the plasma spraying process, which accompanied changes in the powder feed rate. Lower powder-feed-rate spraying required a longer duration of spraying to make a coating of the same thickness; therefore, the cooling rate of lowerpowder-feed rate spraying is lower. Coatings obtained under conditions of higher powder feed rate spraying have higher densities. It was experimentally proven that specimens produced under the same spray conditions have almost the same mechanical properties.
Influence of substrate roughness
The surface profile of the substrate is an important factor for adhesive strength, and may be characterized using twodimensional statistical parameters. The skewness (R sk ) is a measure of the asymmetry of the profile about the mean line. Skewness is expressed by eq. (1). 11, 12) A negative skew indicates a predominance of valleys, while a positive skew is seen on a surface with peaks. Figure 8 shows the relationship between the skewness value and the surface profile. The kurtosis is a measure of the distribution of spikes above and below the mean line. Kurtosis is expressed by eq. (2). 11, 12) When the kurtosis value is 3, the surface profile has a Gaussian amplitude density curve. When the kurtosis is greater than 3, the surface has leptokurtic (spiky) peaks, and when the kurtosis is less than 3, the surface has platykurtic (bumpy) peaks. Figure 9 shows the relationship between the kurtosis value and the surface profile. Also, because this parameter represents a probability distribution, an increasing skewness value implies that the shapes of the individual peaks are more diverse. 
R sk : Skewness R ku : Kurtosis R q : Root mean square roughness l r : Sampling length Z: Height x: Position Table 5 shows the statistically obtained values of skewness and kurtosis for the substrates with different roughnesses. From these results, both the roughness conditions have positive R sk values; accordingly, these peaks are considered to be high spikes. However, the substrates have different R ku values situated either side of the threshold 3. Thus, the peaks in the low-roughness substrate are more leptokurtic and more varied in shape. Figure 10 shows the LASAT adhesion thresholds of the HA coatings, with results for a conventional HA coating, which was produced from conventional HA powder (without milling), included for comparison. From Fig. 8 , it can be seen that the adhesive strength of the specimens with high roughness-substrates (red bars in Fig. 8 ) increase slightly with increasing powder feed rate. From these results, it is concluded that mechanically ground HA coatings give no improvement in adhesive strength on the specimens with high-roughness substrates. In contrast, the specimens with low-roughness substrate showed different adhesive strengths. In particular, the L-2 condition shows an improvement in adhesive strength over and above that of conventional HA coatings and coatings produced under other conditions with milled HA powder. It is known that generally a coating with a rough substrate gives a high adhesive strength. In our results, however, the highest adhesive strength was for the L-2 condition, i.e. a low roughness and an intermediate powder feed rate. The reason for these scattered results with lowroughness substrates was considered to be the more leptokurtic and variously shaped peaks, as described by the higher skewness value. Figure 11 shows a schematic illustration of surface roughness parameters of the substrates. The high-roughness substrate has not only a greater peak height but also a longer profile wavelength than the low-roughness substrate. The profile wavelength of the low-roughness substrate was rather low and the number of peaks was higher than for the highroughness substrate. The wavelength profile of the highroughness substrate had 11.8 peaks/mm and the low-roughness substrate had 15.6 peaks/mm. These differences influence cause the number of particles impinging on the substrate per unit time. Figure 12 shows the adhesion results plotted as a function of the number of particles impinging on the substrate per unit time. With increasing number of impinging particles on a given area of surface in unit time, the adhesive strength tends to decrease. In addition, the results from the substrate conditions with low roughness and higher kurtosis value tend to vary widely.
Dependence of LASAT threshold on spraying conditions
Conclusions
In this study, the LAser Shock Adhesion Test (LASAT) was successfully applied to ceramic coatings with impact on the metallic substrate side. LASAT technique enables rapid adhesive strength evaluation of thermally sprayed HA coatings.
Two different roughness level substrates and three spray conditions were tested in this study. The results showed that the adhesive strength tends to decrease with increasing number of particles impinging on a given area of surface per unit time. This tendency appeared prominently in the specimens with high-roughness substrates (i.e. from 300 mm alumina grit blasted). However, the adhesive strength tendency of low-roughness (i.e. from 60 mm alumina grit blasted) substrate specimens varied widely. The main reason for this was considered to be a dependence on the substrate profile. Substrates with low roughness had peaks that were more leptokurtic and more variable in shape, as described by the higher kurtosis value. Consequently, not only the height direction roughness parameter but also the wavelength of roughness, roughness morphological parameter and powder feed rate are important factors for evaluation of adhesion. Therefore, by controlling the powder feed rate and substrate roughness, and especially the substrate morphology, it is possible to promote and optimize coating-substrate adhesion. The adhesive strength can be evaluated easily and rapidly using the LASAT technique. Accordingly, it is considered that the LASAT can be an effective technique to characterize coating strength for thermally sprayed HA coatings. 
